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ABSTRACT  
 
 
The structural characterization of sol-gel based nano crystalline ZnO material is being  
reported as we observe several previously unreported structural aspects following a sequence 
of annealing stages. As-grown samples were characterised by Fourier Transform Infrared 
Spectroscopy (FTIR). Chemical purity of the nano-grains and their crystallinity has been 
monitored by energy dispersive X-ray (EDAX) analysis and transmission electron 
microscopy (TEM), while the unusual changes in nano-crystal growth structure have been 
studied by X-ray diffraction method.  In addition, such samples have been studied by using 
perturbed angular correlation (PAC) technique with the short-lived radioactive probe 111mCd. 
Changes in the local electronic environment following sintering of the nano-crystalline grains 
have been observed by this method. 
Keywords : ZnO nano crystal growth, X-ray diffraction, perturbed angular correlation 
(PAC), radio-active ion beam, hyperfine interaction. 
 
 
I.Introduction: 
 
ZnO is one of the most versatile wide band gap (3.37eV) semiconductor materials known for 
its multifarious applications in technology [1,2]. The aqueous precursor–derived ZnO 
material is a promising alternative to organic semiconductors and amorphous silicon 
materials in applications such as transparent thin film transistors at low temperatures [3]. 
Also, the properties of ZnO transistors depend on its chemical preparation (such as extraction 
of the precipitate from acidic or basic solutions), drying and sintering processes and on the 
traces of impurities imparted to the system [4,5]. Chemical structure analysis suggests that 
the hydrated zinc cation, the pH of the medium and ligand type play a critical role in aqueous 
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precursor based ZnO-nano crystalline material. These can affect any device related 
characteristics such as field effect mobility, drift velocity and switching ratios [6]. 
Also, ZnO is a bio-friendly oxide semiconductor and an inexpensive luminescent material. It 
is expected to have a wide range of applications in room temperature ultraviolet (UV) lasing 
[7], biosensors [8], bioimaging [9], drug delivery [10], piezoelectric transducers [11] and 
other usages as doped- ceramic compounds [12]. For all such purposes the growth of ZnO-
nano scale material through a chemical route is a necessity. Most existing preparation 
techniques rely strongly on ZnO grain manipulation processes while drying and sintering 
the hydrated ZnO precipitate. Also, the defect structure in the evolution process of nano 
material is vital as there lies strong evidence that defects have a role to play in 
ferromagnetic order in such materials and the ferromagnetism coupling may be 
mediated by carriers[13]. 
A systematic study therefore has been carried out to examine various physical aspects of 
chemically grown nano-crystal ZnO. Firstly, the chemical speciation and purity of the as-
grown material, along with grain growth and crystallinity are checked using X-ray 
diffraction.  Electronic microenvironment of the material is also probed using the PAC 
technique.  
It is thus important to mention that a suitable radioactive dopant ion serving as PAC 
probe (for example :111mCd+2,  by exposure of the ZnO samples to radioactive ion beam at 
ISOLDE , CERN ) becomes a necessity.  Further, facilitating the diffusion of the dopant 
ion into ZnO grains is followed by gradual and controlled annealing steps. An 
improvement of grain size consistency by controlling the formation of ultrafine grains 
and prevention of abnormal grain growth could yield a better result for fabricating nano-
material for a device related purpose. Although we find ZnO nano-material has been 
studied in various ways, but systematic monitoring of the structural distribution in the 
presence of a dopant[5] at  trace level in the host medium along with sintering processes  
are sparse.  In this work, we have purportedly used111mCd such that its direct route to 
stable state will not alter any other characteristics of the medium except the electric field 
gradient (EFG) tensor, which is the observable parameter from PAC measurement. Such 
a parameter is strongly dependent on the distribution of the electronic charge density 
around the site where the radioactive probe atom has been hosted in the lattice.  
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In this article, we develop a meaningful comparison of the changes that are observed for 
nano-crystal growth starting from the as-grown wet chemical stage through the 
sequential annealing steps, by X-ray powder diffraction pattern and PAC measurements.  
 
 
II. Experimental : 
 
A.Chemical Synthesis of Pure Zinc Oxide (ZnO) 
ZnO nanoparticles were prepared by the sol-gel technique from zinc acetate   (Zn(CH3COO)2. 
2H2O,  extra pure AR grade material, from SRL, India). The desired weight of zinc acetate 
was dissolved in triple distilled water (TDW) and a (1:1/vol) ammonia solution (Merck India) 
was added to this solution drop by drop, maintaining a pH~7.5.Initially the zinc is 
precipitated as zinc hydroxide.  After centrifugation, the precipitate was collected and re-
dispersed into TDW to remove excess ions. Finally, the precipitate was recollected and dried 
at 100ºC for 12 hours and sintered at different temperatures (200, 600 and 1000ºC for 30 
minutes) to evolve ZnO nano-crystallites. These ZnO nano-grains were characterized by 
Fourier transmission infrared (FT-IR) spectroscopy [14] (as pellets in KBr, without 
moisture)using a Perkin Elmer FTIR system,  Spectrum 100) in the range of 400-4500 cm-1,   
with a   resolution of  0.4cm-1.  The results are shown in Figure1 and Table I 
 
B Electron microscopic studies:  
 
For the elemental purity check of the ZnO samples, energy dispersive X-ray analysis 
(EDAX/SEM) and scanning microscopic analysis of the grain surface was performed using 
Quanta FEG-200, FEi Company USA. TEM examination was performed with (Tecnai S-
twin, FEI) using an accelerating voltage of 200 kV, having a resolution of ~ 1 Å. The results 
of such analysis are shown in Figure 2. 
 
C. Characterization  with X-ray Powder Diffraction Measurements: 
The phase structures of the samples were identified by X-ray diffraction, Rigaku TTRAX3 
diffractometer with CuKα1,2 radiation(λ = 1.541 Å and 1.5444 Å) has been used. The data 
have been collected in the range (2θ) 10o–100o with a step size of 0.02o. Si has been used as 
an external standard to deconvolute the contribution of instrumental broadening [15]. The 
measured XRD pattern is shown in Figure 3. 
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Nano crystalline material usually suffers from structural strain as the grain interior is 
relatively defect free while the grain boundary consists of high-density defect clusters [16]. 
The size of ZnO nano grains and the corresponding strain in the lattice have been estimated 
by constructing a Williamson–Hall (W–H) plot, as shown by equation (1) taking different 
Bragg peaks [17] into consideration. 
 
 ߚ ܿ݋ݏθ ൌ
ܭߣ
D௛௞௟
൅ 4 ߳ ݏ݅݊ߠ (1)  
where  ε  is the micro strain parameter using the W-H plots using (equation 1), θ is in radians,  
β = line broadening, Dhkl = crystallite size and K is the shape factor along with the wave 
length λ ,  the results are shown in  Figure 4. 
 
An estimation of the size of ZnO-nano grains and lattice parameters have been made by using 
the FullProf program [17] as shown in Table II. In addition, Rietveld refinement analysis was 
performed with GSAS [18], calibrating the instrumental parameters with a standard Si 
measurement. During the fits, instrumental parameters were kept constant. The results are 
shown in Figure 5. 
From Thompson-Cox-Hastings pseudo-Voigt function (TCH) of the Lorentzian and Gaussian 
term, size and strain parameters can be retrieved directly from GSAS profile parameters [18]: 
using a Lorentzian TCH term with parameters GX and GY:   
 
 Γ௅ ൌ
GX
cos ߠ
൅ GY tan ߠ (2)  
 
For the Williamson-Hall analysis, the integral breath (β) holds with Dv as the volume 
weighted average, εstr the strain and λ as the wavelength: 
 
 β௢௕௦ െ ߚ௜௡௦௧ ൌ
ߣ
Dv cos ߠ
൅ 4 ߝ௦௧௥ tan ߠ (3)  
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A correction of the FWHM to integral breath and correcting GSAS centidegrees, size and 
strain can be calculated by: 
 
 Dv ൌ
36000 ߣ
ߨଶ GX
 (4)  
 
 
߳௦௧௥ ൌ
ߨଶሺGY െ GY௜௡௦௧ሻ
144000  (5)  
 
Gaussian TCH term with parameters GU and GP (GV and GP can be considered as 
instrumental constants): 
 
 Γீ ൌ GU tanଶ ߠ ൅ GV tan ߠ ൅ GW ൅
GP
cos ߠ (6)  
Williamson-Hall analysis: 
 
ߚଶ௢௕௦ െ ߚ
ଶ
௜௡௦௧ ൌ
ߣଶ
ሺDvሻଶ cosଶ ߠ ൅ 16 ߳
ଶ tanଶ ߠ 
 
(7)  
Applying the same corrections as for the Lorentzian part results in: 
 Dv ൌ
18000 ߣ
√2ߨଷGP
 (8)  
 
 
߳௦௧௥ ൌ
ඥ2ߨଷሺGU െ GU௜௡௦௧ሻ
72000  (9)  
The volume weighted average Dv can be converted into the diameter of spheres with identical 
size:d=4/3 Dv.(see Table II and IV) 
 
 
D. Local Structure Investigation with Perturbed Angular Correlation Using Radioactive 
Ion Beam of 111mCd: 
 The time differential perturbed angular correlation technique is based on the modulation of 
angular correlation of the successive radiations emitted during a nuclear decay cascade due to 
hyperfine interactions between the electromagnetic moments of the intermediate nuclear level 
with its immediate neighboring electronic environment. Suitable isotopes for standard PAC 
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have an intermediate level (sensitive level) which has a half-life between 10 to 1000 ns (see 
Figure 6), while the half-life of the parent isotope is sufficiently long lived to provide a 
measurement. 111In with a 2.8 days half-life and simple cascade is one of the most straight 
forward and widely-used PAC probes. However, so-called after effects, resulting from the 
change of electronic charge state from 111In3+ to 111Cd2+, can be problematic especially in 
semiconductors [19]. In order to minimize these effects, the 111mCd isotope is more suitable 
as it does not undergo any such transmutation. However, its short half life of 48 minutes 
restricts its availability and requires a facility such as ISOLDE at CERN. 
A PAC machine consists of a setup of usually four or six detectors which measure the time 
difference between the γ1- and γ2-ray as shown in Figure 6. from which one obtains the 
radioactive decay curve of the intermediate level of 111mCd with ~84.5 ns. Due to the 
anisotropy of the emitted radiation, ripples on the decay curve become visible when electric 
quadrupole or/and magnetic dipole interaction, e.g. electric field gradient (EFG) or local 
magnetic fields in magnetic materials, are non-zero as shown in Figure 6 (see in the middle) . 
The counting rate ratio, R(t), is formed from the coincidence data by: 
 
ܴሺݐሻ ൌ 2
ܰଵ଼଴°ሺݐሻ െ ܰଽ଴°ሺݐሻ
ܰଵ଼଴°ሺݐሻ ൅ 2ܰଽ଴°ሺݐሻ
 (10)  
 
The counting rate ratio can be described in practical use by [30, 31]: 
 
 ܴሺݐሻ ൎ ܣଶଶ
௘௙௙ ෍ ௜݂ܩଶଶ௜ ሺݐሻ
௜
 (11)  
 
With A as the effective anisotropy, f the fraction per site i and G22 the perturbation factor. For 
quadrupole interaction with including the finite time resolution here in the last term, the 
following term was used for fitting the data: 
 
 
ܩଶଶ௜ ሺݐሻ ൌ ݏଶ଴௜ ሺߟ௜ሻ ൅ ෍ ݏଶ௝௜
ଷ
௝ୀଵ
ሺߟ௜ሻ cos൫ ௝߱௜ ݐ൯݁
ି
ഘೕ
೔ ഃ೔ ೟
ഌೂ೔ ݁ି
ሺഘೕ
೔ ഓೝሻమ
భల ౢ౤మ  (12)  
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Here,ߥொ as the quadrupole interaction constant and δ its distribution, ω the quadrupole 
circular frequency and τ the instrumental time resolution. More detailed description of the 
PAC method can be found at [20, 21, 22, 23]. 
Perturbed Angular Correlation (PAC) spectroscopy was performed in order to study the local 
structure in polycrystalline nano-ZnO (already mentioned).111mCd as PAC probe was 
implanted into cold pressed pellets of the previously prepared material. Room temperature 
implantations were performed at ISOLDE/CERN [24] at 30 keV. 111mCd ions were produced 
following irradiation of a molten Sn target by 1.4 GeV protons, which were subsequently 
plasma ionized and mass separated . A typical irradiation dose was about 3x1013 ions per 
sample. 
PAC measurements were performed at room temperature (RT) using two Digital Time 
Differential PAC machines (DTDPAC) [25, 26] with four BaF2 detectors resulting in 12 
single spectra of 90° and 180° per measurement. All the detected γ-rays were saved as time 
and energy values on the DTDPAC machine’s hard disks. Due to the short half-life of the 
probe, energy windows shifted slightly with the rather fast decrease of the activity. Therefore 
the recorded data were reprocessed by separating the data into several parts, determined for 
each part the optimal energy windows and merged the results of all parts finally together. The 
data were analyzed with XFIT program using the XPAC for XFIT program [27]. 
 
 
 
 
III. Result and Discussion : 
 
A.  FT-IR and EDAX Study: 
ZnO samples prepared by aqueous sol-gel technique were dried under vacuum at 100 ºC over 
night, its purity and the characteristic FT-IR frequencies were checked as shown in Figure 1. 
and Table I. These data represent the as-prepared ZnO material. Some residual acetate groups 
(C=O) could be detected. Presence of moisture is also detected, this could be dependent on 
the ambient condition.  This was considered as the precursor material for ZnO, which was 
sintered later to proceed for evolution of pure and dried material of ZnO. The elemental 
purity of ZnO was checked with the help of EDAX spectrum as shown in Figure 2. From 
TEM results, the fringe structure of ZnO material depicted crystallinity of the material (as 
shown by the arrow). The mean size as estimated from the TEM image has been about ~ 20 
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nm and clearly indicates that the initially annealed ZnO nanoparticles are crystalline with a 
wurtzite structure. No other impurities were observed. 
 
B. X-ray Diffraction (XRD) Study : 
The as-dried precipitate of  ZnO material (at 100 ºC) can be considered as a precursor of the 
ZnO material without the typical ZnO phase, but mainly zinc acetate phase and an unknown 
phase.  Further annealing of this sample  stage by stage from (200 to 1000ºC) really stage by 
stage or 200, 600 and 1000 ºC, pure ZnO structure was produced, no characteristic peaks 
from  intermediates such as Zn(OH)2 could  be detected in the samples. XRD results shown 
in Figure 3 give us the characteristic diffraction pattern of the crystallites under the particular 
configuration, through the Bragg angles. The appearance of characteristic diffraction peaks 
for a pure ZnO sample corresponding to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3) and (1 
1 2) planes is in good agreement with the standard XRD peaks of crystalline bulk ZnO with 
hexagonal wurtzite structure [JCPDS card No. 36–1451, a = 3.2501 Å , c = 5.2071 Å, space 
group: P63mc (1 8 6)],   The gradual changes of the FWHM of characteristic peak (002) is 
shown as an inset to show the refinement of evolved structure, at 1000 ºC, the best result is 
obvious from the spectrum. 
The size and strain analysis of the grains at different temperatures have been obtained 
following FullProf and W-H plot analysis and are shown in Table II and Figure 4. It is found 
that as the sintering temperature gradually increases, we obtain an increase in the crystal 
growth size and the lattice strain is found to be a maximum at 600ºC. Lattice strain generally 
arises due to vacancies, crystal imperfection, dislocations sinter stress, stacking faults 
indicating that ZnO nano-grain samples are undergoing structural changes under the sintering 
conditions. 
  
Additionally, Rietveld refinement analysis was performed using GSAS and EXPGUI [28, 
29]. For this, the instrumental parameters were determined by using a standard Si sample. 
(Fitted data according to GSAS labeling [28] were LX, LY, shft,ptec, lattice parameters, 
fractional coordinates and Uiso as well as spherical harmonics, preferred orientation with 6th 
order.) Lattice parameters are shown at different sintering temperatures in Table III and the 
unit cell parameters after sintering at 1000°C in Table IV. 
While fitting these nano crystallite parameters, an unusual peak shape was observed which 
could not be fully adjusted by keeping the instrumental parameters fixed. This may indicate 
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an irregular structure or larger variation in crystallite size. The fit could be improved by 
adding a Gaussian component indicated by parameters GU and GP, see Figure 5 for the 
sample sintered at 1000°C(in general, the Lorentzian term of the Thompson-Cox-Hastings 
pseudo-Voigt function fits sufficiently well-crystallized material with Bragg-Brentano X-ray 
powder diffractometers; Gaussian terms (GU, GP) are rarely used). 
Another phenomenon of the samples are deviations in the expected intensities, which in these 
fits are compensated by using spherical harmonics preferred orientation in GSAS. However, 
for nano materials, producing textures during sample preparation in powder X-ray diffraction 
is less expected and can be explained by significant modifications in shapes as needles or 
platelets, the latter of these may form in ZnO samples, as is described by [30]. 
As shown in Table III, the crystalline size assumed for spherical particles of the same size 
increases steadily with increasing sintering temperature, while the lattice parameters stay 
almost unchanged. The fit of the sample sintered at 200°C could be significantly improved by 
adding a Gaussian term. The texture is found to be strongest at 600°C sintered sample and  
also represents the highest strained structure. The nano-crystallite size more or less 
corroborates from the fitting parameters by methods used, although the absolute value of 
strain may differ, but the trend is maintained from both the methods shown.  
 
C. Perturbedγ-γAngular Correlation Measurements: 
In order to understand the changes in the local structure and the material properties induced 
due to subsequent annealing of ZnO, perturbed angular correlation spectroscopy (PAC) was 
performed with the probe 111mCd and results are shown in Figures 7a, b, c. 
The PAC experimental runs have been performed at room temperature, at first, without 
annealing ZnO sample and then after subsequent annealing of the ZnO samples at 
temperatures 600°C, and 1000°C respectively after implantation of 111mCd for 30  minutes to 
release implantation defects. At room temperature the 111mCd precursor ZnO sample shows 
no frequencies corresponding to standard ZnO, but a wide distribution of frequencies can be 
seen. The sample sintered at 600°C shows a known frequency from νQ=30 MRad/s, (can be  
compared with earlier results [5]) , with a wide distribution of about 4 MRad/s and η=0.47, 
while at 1000°C sintered material shows νQ=31 MRad/s and η=0.11. This development 
indicates a steady growth of crystallinity, agreeing well with the X-ray diffraction growth of 
crystal size. The sample at 600°C indicates that many sites with co-exist with slightly 
different local structure. This may indicate a highly distorted environment and can be 
 11 
 
probably caused by higher shell quantity considering the core-shell model of small particles 
[5]. As expected, the asymmetry parameter (η) is larger, at this stage, in highly distorted 
environments.  
As per the density functional theory calculations [5] of the lattice sites, EFG have been 
performed with good agreement of Cd impurity in to ZnO the measurements. This confirms 
well with the expectations for incorporation of  Cd2+ in ZnO as both the metals are from the 
same IIB group of elements, having similar crystal radii [31] with Cd2+in tetragonal 
coordination with rCd+2 = 0.97 Å and for Zn2+ in equivalent environment with rZn+2=0.74 Å. 
As Cd2+is larger than Zn2+, the local structure may be slightly distorted, which may cause a 
larger effect in highly distorted material, where restoring forces are smaller.  The final 
sintering at high temperatures of 1000°C transforms the material in normal bulk ZnO. 
The performed measurements suggest that the preparation of nano-ZnO with the sol-gel 
method provides different materials properties which are possibly scalable with sintering 
conditions.  
 
VI.  Conclusion:     
Sol-gel prepared and grown nano-ZnO showed interesting properties as observed with FT-IR 
spectroscopy, X-ray diffraction and perturbed angular correlation method. It shows different 
structural aspects of the nano-material which  hitherto  remained unrevealed by a systematic 
study.  
Material sintered at 200°C already forms ZnO with small crystallite size between 20- 26 nm but 
continuously growing with tempering at higher temperature.  X-ray diffraction studies indicate 
that the produced material, depending on sintering properties varies significantly its structural 
properties.  Especially interesting is the fact, that for medium tempered nano-ZnO, the peak 
profile shapes are different than the regular crystalline material, which indicates significantly 
different properties.  
Perturbed angular correlation using the 111mCd probe confirmed the results with previous works 
and shows that the material at lower sintering temperature posses  a higher order distorted local 
structure, which may be explained  through the core-shell model.  
Structurally different, evolving nano-ZnO crystalline grains could be further useful for future 
study of semi-conductor application oriented requirements like thin film transistors,  opto-
electonic  devices and development of  flexible electronics etc. 
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VI. Captions to the Figures : 
Figure 1: FT-IR spectrum representing the characteristic frequencies of ZnO material 
synthesized from aqueous route and dried in vacuum oven at 100 ºC for 12 hours and then 
dried to 200 ºC. 
 
Figure 2: EDAX data: a purity check of the ZnO sample as synthesized through sol-gel  
chemical route, inset shows the fringed structure of the crystalline sample from TEM picture. 
 
Figure 3:  X-ray diffraction pattern (raw data as obtained) ZnO-nano crystalline grains   at 
different sintering  temperatures. 
 
Figure 4: ZnO nano grain size from W-H plot by X-ray analysis at different sintering 
temperatures. 
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Figure 5 :  X-ray diffraction spectrum with  Rietveld  refined pattern  of ZnO annealed at 
1000ºC , showing the Bragg  peaks positions, the data points(+++), the fitted curve (___) ,and 
the difference curve(__). 
 
Figure 6 : Decay scheme of 111mCd48, IT  , T1/2=48.54m , isomeric level with 5/2 + spin where 
EFG tensor interacts with nuclear quadrupole moment Q, an illustration of the typical PAC 
measurement. 
 
Figure 7 (a) :  PAC measurements after doping  111mCd  at R.T., without  annealing, showing 
the experimental R(t) spectrum and the  hyperfine interactions;   
 (b) :PAC measurements after doping  111mCd   and after annealing to 600ºC, showing the 
experimental R(t) spectrum and the hyperfine interactions; 
(c) : ZnO nano crystalline material was doped with Cd111m in  ISOLDE experiment and 
annealed at 1000 °C, measured in PAC set up . The experimental R(t) spectrum shows well 
defined hyperfine interaction and the Fourier transforms of the  hyperfine parameters are  also  
represented (top). 
 
 
 
 
VII. Tables  
 
Table : I   IR spectroscopic group frequencies[14] for the prepared pure ZnO nano crystalline 
sample, dried at 100ºC and compared to that after drying to 200 ºC  (refer to Figure 1.) 
 
Absorption wave number cm-1 
 
functional Group frequencies 
~500  ,  525 -560,    Zn—O  stretching 
 
  ~1020  H-O-H  bending 
 
 1430, 1570 —C=O  stretching 
 
 ~3500 and greater  —OH stretching 
 
 
 
 
Table II: Lattice parameters of ZnO-nano crystalline grains(hexagonal/wurtzite) by FullProf 
program:  
 
T [°C] c [Å] a [Å] c/a          
 
200 4.93138               2.9874 1.65073 
 
600 5.2015 3.20101 1.62496 
 
1000 5.20657 3.18397 1.63524 
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Table III :  Lattice parameters at different sintering temperatures as per the Rietveld 
refinement analysis using GSAS. 
T [°C] 
 
a [Å] c [Å] Texture Index 
(GSAS) 
Strain [%] Size [nm] 
(diameter of 
spherical particles) 
200 3.2500 5.2070 1.078 0.0007 26 
600 3.2496 5.2057 1.147 0.0890 46 
1000 3.2499 5.2056 1.021 0.0222 76 
 
 
 
Table IV : The unit cell parameters after sintering at 1000ºC as per Rietveld refinement 
analysis 
Spacegroup a [Å] c [Å] α, β [°] γ [°] 
P 63 m c 3.2499 5.2056 90 120 
Atom/Charge x y z 100*Uiso 
Zn+2 0.3333 0.6666 0 2.917 
O-2 0.3333 0.6666 0.3759 3.517 
 
 
 
Table V: Hyperfine interaction parameters of ZnO derived from the PAC in the ZnO samples 
showing profound effect on annealing temperature (refer to Figure 7.) 
 
T [°C]  
(annealing temperature) 
 A22 νQ  [MRad/s] δ[MRad/s] η 
 
600  
 
 
 
0.056 
 
30.58 
 
4.145 
 
0.463 
1000  
 
 
0.091 31.25 0.543 0.000 
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Figure.4 
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Figure. 5 
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Figure. 6 
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Figure. 7a 
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Figure. 7b 
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Figure. 7c 
